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In Thymic Selection, Peptide Diversity Minireview
Gives and Takes Away
Michael J. Bevan cells of the thymus are the cells responsible for pre-
Howard Hughes Medical Institute senting MHC ligands to immature T cells. Lethally irradi-
Department of Immunology ated mice of various MHC types could therefore be used
University of Washington as hosts that would present positively selecting ligands
Seattle, Washington 98195 to genetically distinct donor-derived hematopoietic
cells. T cells that had matured in an MHCd thymus re-
sponded much better to foreign antigens presented by
MHCd than did genetically identical T cells that had ma-
Unlike B cells, which must be prepared to produce anti- tured in an MHCb thymus, for example. The MHC allele
bodies that can react with high affinity to anynew protein specificity of positive selection was profound, sug-
or carbohydrate epitope, T cells recognize antigen pre- gesting that unrelated MHC molecules select basically
sented in a constant framework provided by the class nonoverlapping TCR repertoires from the enormous
I and class II membrane proteins encoded by the major germline pool (Fink and Bevan, 1995).
histocompatibility complex (MHC). These molecules pre-
sent short, linear peptides derived from foreign proteins Peptide Recognition in Positive Selection:
to CD81 and CD41 T cells, respectively. To prevent sab- Experiments with CD81 T Cells
otage of this restricted form of antigen presentation by Mice lacking expression of MHC class I molecules are
any particular pathogen, the MHC loci that encode these deficient in the selection of CD81 T cells. Disruption of
presenting molecules are extremely polymorphic. The the gene encoding b2-microglobulin (b2m), the light chaingenes encoding the T cell receptor (TCR) are not linked
of class I molecules, or of the TAP genes, which encode
to the MHC, and within each developing T cell the TCR
a transporter that provides peptides for class I loading
a and b chain genes are assembled by a random process
in the ER, lead to a dramatic decrease in the productionof V(D)J gene rearrangement to create an enormous
of mature CD81 cells. In an in vitro fetal thymic organdegree of receptor diversity (Figure 1).
culture system, single synthetic peptides or diverse mix-The evolutionary dialog between the TCR and MHC
tures of peptides can be added exogenously to restoreloci has led to remarkable compatibility between the
class I expression on the thymus epithelium (Jamesondiversity of the TCR and the polymorphism of the MHC,
et al., 1995). Initial experiments in this system, usingsuch that about 20% of randomly assembled (ªgerm-
mice expressing a normal germline TCR repertoire, sug-lineº) TCRs can recognize the small set of self-MHC mole-
gested that a diversity of peptides did a better job ofcules present in any one individual (Merkenschlager et
restoring CD81 selection than did single peptides. Fol-al., 1997; Zerrahn et al., 1997). During T cell maturation
low-up experiments in this peptide add-back systemin the thymus, a subset of weakly self-MHC±reactive T
cells is selected to mature and populate the peripheral
lymphoid organs in a process called positive selection.
Thymocytes that react too strongly with self-MHC are
subjected to death by negative selection. The majorityof
thymocytes expressing TCRs with no measurable self-
reactivity have a short half-life and die by neglect, re-
sulting in the maturation of thymocytes bearing recep-
tors with weak reactivity to self-MHC (Figure 1).
Although each homozygous individual expresses only
a small number of distinct MHC class I and class II allelic
products, each is made enormously complex by the
diversity of self-peptides it binds and presents at the
cell surface. The MHC molecules themselves do not
distinguish self from foreign peptides, and various esti-
mates have suggested that each MHC allelic product
presents 103±104 different self-peptides.
While it is clear that mature T cells, which have run
the gauntlet of positive and negative selection on self-
peptide/MHC complexes in the thymus, can respond
specifically to MHC-bound foreign peptides in the pe-
riphery, there is a great deal of debate on how precisely
immature thymocytes recognize self-peptides during
the process of positive selection. Several reports in this
issue of Immunity probe the role of peptide diversity in
selecting the TCR repertoire in the thymus.
Prehistory
Positive selection of the T cell repertoire was initially Figure 1. Thymic Selection of the TCR Repertoire in Normal Mice
with Diverse TCRsrevealed because radiation-resistant, cortical epithelial
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employed mice expressing rearranged TCR genes of peptide to achieve a high ligand density. This artificially
known specificity (TCR transgenics) to explore the fine high density may override a more fastidious requirement
specificity of positive selection. In experiments using for peptide recognition in vivo.
b2m knockout mice, a stringent requirement for peptide
recognition to promote selection was found. Thus, sim-
Peptide Recognition in Positive Selection:ply filling the groove of the correct MHC class I molecule
Experiments with CD41 T Cellswith any peptide did not drive selection of an ovalbumin/
Peptide add-back experiments similar to those per-Kb-specific TCR. Peptides that did trigger selection in
formed in thymic organ culture for CD81 T cell selectionthis system wererelated to the antigenic ovalbuminpep-
have not been reported for CD41 T cells. This gap istide, yet when bound by Kb, created low-affinity ligands
surprising given the availability of key reagents such asfor the TCR. At the low level of reconstitution of MHC
class I/peptide complexes possible in the b2m knockout TCR transgenics and MHC class II processing mutants.
system, recognition was so precise that the N→R posi- Conversely, the peptide specificity of CD41 T cell selec-
tion 4 variant of the ovalbumin peptide SIINFEKL pro- tion has been studied extensively in vivo in MHC class
moted positive selection, while the N→K variant did not. II peptide-loading mutant mice, while no similar experi-
In this system, Biacore measurements of the interaction ments have yet been reported for CD81 T cell selection.
between soluble TCR and MHC/peptide ligands ordered The contribution of self-peptide diversity in the positive
the peptides into three categories: high-affinity, deleting selection of CD41 T cells has recently been studied in
ligands; low-affinity, positively selecting ligands; and mice that have been genetically engineered to express
functionally null ligands whose affinity for the TCR was MHC class II complexed to a single peptide. Thus, in-
too low to measure (Alam et al., 1996). stead of the diverse array of 103±104 different MHC class
None of the experiments that aimed to restore positive II/peptide complexes on the thymus epithelium that nor-
selection of CD81 T cells with synthetic peptides gave mally confronts the TCR repertoire, the mutant mice
any direct information on the natural MHC/peptide li- express a monotonous array made up largely of a single
gand that originally selected these receptors. Two class II/peptide species. Three reports in this issue of
groups have recently begun to fill in this gap by providing Immunity deal with selection in mice lacking the MHC-
sequence information on self-peptides extracted from encoded H2-M molecule that normally facilitiates pep-
the class I groove that can restore positive selection of tide loading (Grubin et al., 1997; Tourne et al., 1997; Surh
certain TCR transgenic thymocytes when added back et al., 1997). In these mutant mice, class II molecules are
to TAP-deficient thymus organ culture. By using potent expressed at high levels, and most are occupied by
antigen-presenting cells and by increasing the level of the CLIP peptide derived from the class II chaperone,
expression of the class I coreceptor (CD8) on TCR invariant chain. A fourth report, by Ignatowicz et al. (1997
transgenic thymocytes, Hogquist et al. (1997) were able [this issue of Immunity), and a recent report by Fukui
to detect eight HPLC fractions containing self-peptides et al. (1997) provide data on mice expressing a single
extracted from the appropriate class I molecule that species of MHC class II in which the Ea peptide has
interacted weakly with the TCR. One of the active pep-
been covalently ªsewn inº to the peptide binding groove.
tides was identified by mass spectrometry and shown
In an invariant chain knockout, class II knockout back-
to be capable of restoring positive selection of TCR
ground, this AbEap transgene represents the only source
transgenic thymocytes expressing normal levels of CD8
of MHC class II and is present on the cell surface atin TAP-deficient thymic organ culture. Using a system
approximately one-tenth wild-type class II levels.involving a different MHC class I molecule and two dis-
The consistent finding in these reports is the surpris-tinct TCR transgenics that it normally selects, Hu et al.
ingly large numbers of CD41 T cells that appear in mice(1997 [this issue of Immunity]) present further work on
expressing a single MHC/peptide complex: about 20%±natural peptides. This group determined the sequence
50% of the normal number of CD41 T cells are presentof a number of class I±bound self-peptides and showed
in these mice. A number of techniques have been usedthat, at high concentration inTAP-deficient thymic organ
to ask how stringently all other peptides are excludedculture, they could promote a low level of positive selec-
from class II molecules. Are they really good models fortion. The fact that the different peptides had specific
selection on a single complex? The answer seems to beeffects on thymocytes expressing different TCRs sug-
that the AbEap mice are veryclean; no other endogenousgests that weak, but specific, interactions with self-pep-
peptides normally presented by class II can bedetected.tide/MHC complexes promote positive selection.
However, in the H2-M knockout mice there is someWhat do these recent experiments imply? The relative
leakiness, since T cell reagents prepared against otherease of finding naturally presented self-peptides that
endogenous peptide/class II complexes detect low lev-can stimulate positive selection of various TCR trans-
els of presentation in these mice. In this case, there isgenic thymocytes suggests that in vivo, each TCR may
the possibility that a fraction of the mature CD41 T cellsnot depend on a single self-peptide for selection. The
were positively selected not on the predominant classexperiments support the notion that a mixture or ªgem-
II/CLIP complex, but on other endogenously expressedischº of self-peptides is responsible for selecting each
peptides present at extremely low concentrations.of these TCRs. However, little is known about the actual
Given the large numbers of CD41 T cells appearinglevel of expression of each MHC/peptide complex on
in these mice, should we conclude that the normal diver-the surface of thymus epithelial cells. In the experiments
sity of self-peptides plays little role inpositively selectingdemonstrating rescue of selection by synthetic versions
a broad T cell repertoire? This conclusion would beof self-peptides, organ cultures derived from TAP-defi-
cient animals were used with high concentrations of faulty since there are certain features of the CD41 T cell
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repertoire selected in the mice that express predomi- Different Strokes
Under normal conditions of positive selection, thymo-nantly a single MHC/peptide complex that make it very
cytes expressing different TCRs may bechosen in differ-different from the wild-type CD41 T cell repertoire. First,
ent ways. Some will be selected to mature becausein both the H2-M0 mice and the AbEap mice, about two
their TCRs react weakly with a single self-peptide/MHCthirds of the selected CD41 T cells react to syngeneic
complex on thymus epithelium. This interaction wouldcells that express the same MHC class II molecule com-
be strong enough to rescue the cell from programmedplexed with the usual range of self-peptides. As some
death but not strong enough to signal death by negativereports show, negative selection induced by marrow-
selection. In addition, interaction of this set of TCRs withderived cells expressing wild-type class II molecules
any peptide/MHC complex on any cell type must beeliminates this large fraction from the peripheral reper-
insufficient to signal negative selection. A fraction oftoire. From these observations it is clear that the CD41
these thymocytes may be selected by peptide/MHCT cells appearing in large numbers in the single-peptide
complexes present at low density, and in this case, themice bear a different set of TCRs than those selected
selecting peptide may be similar to a foreign peptideby wild-type MHC class II molecules presenting a diver-
that activates the mature T cell. Other thymocytes maysity of peptides. This initially surprising observation of
be selected by single peptides represented at higherthe enormous syngeneic reactivity was made originally
ligand density, and in this case, a relatedness betweenfor the AbEap peptide mice (Ignatowicz et al., 1996) and
the selecting and activating peptide will be hard to rec-is now shown to be true for the CLIP mice.
ognize (Kersh and Allen, 1996).Second, a number of different TCR transgenics that
For other T cells, it may be impossible to assign theirare positively selected in mice expressing wild-type
selection to a single self-peptide. A collection of differ-class II molecules are not selected in the CLIP mice (five
ent self-peptides (complexed to the same MHC mole-of five TCRs tested) or the AbEap mice (one of one TCR
cule) may provide the positively selecting interaction.tested). It seems that the lack of a positively selecting
This collection of peptide/MHC complexes may notinteraction, rather than the presence of a negatively se-
share any easily recognizable common features exceptlecting interaction, is responsible for the failure of the
as defined by their strength of interaction with this TCR.TCR transgenic thymocytes to mature. The inability of
Deciphering this kind of selection is going to be hard!single-peptide mice to provide a ligand for positive se-
At this stage we cannot say whether the peptide sidelection for a number of preexisting TCR transgenics rein-
chains on a set of selecting peptides directly contributeforces the notion that positive selection is peptide spe-
energy to the interaction with the TCR, or whether thecific. Since thymocytes bearing these TCRs are not
side chains of the peptides keep out of the way of thedeleted or selected in the single peptide/class II mice,
TCR, allowing it to ªtouch downº on MHC contacts, aswe conclude that a different self-peptide/class II com-
proposed in the peptide avoidance model (Schumacherplex, or gemisch of complexes, is responsible for their
and Ploegh, 1994). Both versions of selection on a gem-positive selection in control mice.
isch of self-peptides depend on the involvement of aThe impact of peptide diversity on the positive selec-
set of specific self-peptides in the selection of each TCR.tion of the CD41 T cell repertoire has also been demon-
The design of an experimental system that distinguishesstrated in another way. Although it is not apparent using
these two proposals is a challenge for the future.mice that express the entire germline TCR pool, when
the TCR repertoire is purposefully limited to the use of
Selected Readinga single rearranged TCRb chain, the effects of peptide
diversity on positive selection can be readily observed.
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